One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals' .
pulled out at the very last minute. I think it was very important that we had a brief moment on Monday, just called 'Tea and Networking', so that people could join in and get together. That was one of the good aspects of the meeting and was facilitated by the Royal Society.
In terms of going forward, I just want to very briefly make some general points and some special points. We need to consider the hydrogen economy and how it relates to us and how we can help it going forward. Also the oil and gas, we've got a lot of interest from the oil and gas industry, let's not think of it as all evil. There is always the question of how can we serve the oil and gas industry and indeed the structural metallurgy and structural materials industry. To what extent does what we do relate to the more left field aspects? Huge subjects like fuel cell design and so on. This is something we can talk about. The big issue, to a certain extent, which never gets fully addressed, is amelioration, i.e. robust components. Ultimately this is what it is all about: ameliorating damage due to hydrogen. So this word amelioration is important. How are we going to focus on that? A couple of special points that I've picked up throughout the discussion, in no particular order:
-Someone mentioned it would be very useful to measure hydrogen effects on Hall-Petch coefficients, which hasn't been done. -George Smith, who is not here today, so he didn't hear the talk of Xavier Feaugas, pointed out to me that there is not a great deal of focus on temperature dependence. That all the experiments he was seeing were at room temperature and he felt that some systematic repeating of the experiments over a set of temperatures might be extremely useful. For example in the fatigue experiments that we saw from Hisao Matsunaga whether they could then be repeated and maybe this peak in the frequency dependence of the fatigue ratio, the hydrogen induced fatigue ratio, maybe this moves with temperature. This was one of the things that was going over in George's mind. -Where is cohesive zone modelling going? I think that really turned out to be a point of contention. What is the real connection between the different length scales? There really does seem to be a length scale problem. As Adrian Sutton pointed out, where is the plasticity suppose to go in that sort of a structure. Shouldn't it really be done in the finite elements? It shouldn't be somehow built into the use of the cohesive law as that's where, strictly speaking, the Barenblatt crack problem should go. -Finally, at the end of the last discussion session we talked about key experiments and we can take that up again now in this discussion session.
What really are going to be the next key experiments? I picked up on what Mary Ryan said about neutrons and what Reiner Kirchheim said about them. Which is quite astonishing, to me at any rate, that the scattering length of neutrons by hydrogen has the opposite sign to deuterium, I forget which is positive and which is negative, so this is a piece of extraordinary nuclear physics. Can we focus neutrons is the question? They diffract through crystals and the scattering lengths seem to be controllable by different atoms, so anyway, that is just a whacky question to end my introduction with. Now, I will ask the panel to come up and I will introduce them and we'll do the same thing, sit in a row, in that formal governmental way, and I'll introduce the panel as they come up. Yun Deng, I can introduce, she is the partner in crime of Tarlan Hajilou, who gave the talk on the microcantilever experiments in iron. I wanted to ask both of them to talk really, and the only reason that I asked Tarlan rather than Yun to give a talk was that Yun's work was on FeAl intermetallic which I felt was slightly less relevant in the context of steels, but she does equally important experiments in the same group. So here's our team and I will ask you if we can start with Mary and then each speaker for five minutes then we will throw the discussion open.
Panel remarks

Mary Ryan
Thankyou. I may be repeating what many people have already said but I just wanted to make a few points on what I think has, to me, become quite apparent this week. It was interesting that even in the closing that Tony [Paxton] had said that some members of the corrosion community had joined this meeting. If you go back 15 years, there weren't two communities, there was one community, hydrogen embrittlement and hydrogen effects in metals, and the corrosion community were one and the same. At some point there has been a disconnect between the people who think about the electrochemistry and chemistry of systems and the people who think about the mechanics of fracture of systems. I can't pinpoint when that happened, but it is a very real bifurcation of interests and I think one thing going forward would actually be going back and reconnect these communities properly so that we can have insights from chemistry, electrochemistry, and microstructure mechanics pulled together because if we don't do that we don't see the whole picture. My second comment would be really around how we are collecting data. This has kind of been hinted at and we're sort of at a Catch-22. I don't think we're doing hypothesis driven research largely in this space. In part, that is because we are not clear what models we are trying to test, in part it's because it is very, very complicated in these systems and across the different systems there are different parameters and different problems that have been identified. It's almost like we are collecting little bits of a jigsaw and trying to put them together and hoping that something will emerge from that to deepen our understanding. Rather than saying, 'We think this is the mechanism what test are we now going to design that will give us some real physical understanding or disprove this mechanism?' I don't think anybody is doing any experiments, possibly any modelling, to try and disprove some of these mechanisms. If we think that it is not to do with hydrogen absorption or hydrogen occupancy what can we do to disprove it? Of course that is the classical way that you are supposed to test hypotheses and I don't see anybody trying to do that in this space. I don't think that is easy to do in this space, but maybe we should think a The last thing I'm going to say, and we talked about this yesterday and again today, the challenges of experimentation are really, really, really hard in this space. The hydrogen effects in metals, because hydrogen is so difficult to probe independently it is like the invisible... well we've anthropomorphized hydrogen too much already this week, and maybe if it really is evil and has agency and has memory we could just give it directions, but it is invisible, it is an invisible agent in largely every experiment we do. We really have to address that to get some proper insight. Whether that's with neutrons and I don't know the answer Tony [Paxton], whether we can focus neutrons narrowly enough, David [Dye] and I were having a discussion earlier about potential ways to try and do that and if it is at all possible, so I think we'll have to get back to you on that, we need to do some hard calculations. We do as a community need to get to grips with how we find out where hydrogen has gone. Effects on the lattice, maybe it's this memory effect of the lattice, I don't think the hydrogen has a memory, but the lattice might well have a memory of it having been there, because the lattice has been perturbed and the relaxation is slow enough that we can see where the hydrogen has been. So I think the way forward there is to try and develop those techniques that that will really give us mechanistic understanding.
Tilmann Hickel
You have spoken about communities, but what I always like about the community of people working on hydrogen embrittlement is the close interaction of the industrial perspective, experiment and theory. This is not common in all kinds of physics subjects and this is something I appreciate very much and is reflected by the set-up of this Royal Society meeting. That's why I have enjoyed what I have experienced over the last several days. Nevertheless, I should try more, perhaps from my perspective, to pinpoint again the most important issues I think I will take home as a message for our future investigations. This is twofold; on the one hand it seems to be clear that we need to get a deeper physical understanding of mechanisms as we discussed yesterday. I would like to highlight again this issue of hydrogen trapping as certainly something where there is room for deeper understanding. At the moment we are always focusing on particular traps and trying to understand what this trap is doing. For instance in my presentation I tried to focus on the trap next to a precipitate, but I think it is also the interplay between different traps, so if you can somehow change the balance, if you can identify traps which might be more harmful taking up less hydrogen than traps which are less sensitive to hydrogen embrittlement. So there is this interplay of different microstructure features which is I think something that is not yet fully taken care of. We know already that at the theory level, and there have been some nice examples and presentations, in the microstructure some subfeatures are more critical than others. One example today was the role of delta precipitates in nickel based alloys and you have similar precipitate phases in steels which may be critical and the question is can you modify this microstructure and change this type of balance between different hydrogen effects. This playing with the microstructure is the best strategy to take care of the effect of hydrogen embrittlement.
I would also like to mention that it is always critical to pay attention to the statements from our industrial partners present at this meeting. In particular the suggestion that it is just a certain strength level that might be critical, so steels with strength ratings around 1-2 GPa which are sensitive to hydrogen embrittlement. We should replace this strength level number with certain microstructure features and this might push forward this kind of message.
So the interplay between different microstructure features has also been mentioned but I definitely think we should deepen the interplay between different interstitials so here I am just repeating what has been mentioned before. The interplay between carbon and hydrogen and between carbon and oxygen and carbon and boron. This is something we will push forward in the future. Perhaps also, the understanding of external parameters like temperature, that also I liked very much in the presentation we have just heard from Dave Rugg. I would love to see many more experiments under different temperature conditions, where we can get different information about what hydrogen is doing, and I see also potentials where we can use hydrogen as a control parameter with a certain annealing procedure one can get rid of certain critical aspects. I think also from a theory point of view we can do much more about this control parameter hydrogen. Another control parameter may be pressure, at least for local strain states it is clear that this is related to hydride formation if you think of the strain state next to a dislocation we have the chance for hydride formation next to interfaces which is also related to local pressure which might be again controlled by processing of materials.
This kind of deeper physical understanding goes together with methodological developments I think we, at least as theoreticians, still need to do and this refers to treating the temperature, it refers to dealing with the different time scales which are important for the kinetics of hydrogen, and as has been mentioned before the connection between the atomistic understanding and plasticity this relation is something we identified in the discussion as in need of improvement. I am very optimistic that with the man power being presented here that this can be achieved. I think a great deal of understanding has been achieved in the last number of years. In Europe we now have several centres doing these kind of hydrogen investigations, there could be an even better link between these activities for these kind of meetings that we are having here. We should also try to think beyond funding schemes and different consortiums and try to set up questions which we attack together. In this way I would like to have these kind of meetings organized by the Royal Society or another institution to continue to ensure we have these kinds of exchanges. this was going to be the end of the climate change agenda as far as the UK was concerned. In reality it's actually been quite the reverse. It's probably good to quote Greg Clark our Secretary of State who explained his thinking as far as this is concerned really well. So this is just a couple paragraphs from a speech he gave in October, which I will just read out, 'The debate about whether to reduce emissions is over. The question is how you make it happen, and in doing so capture the huge opportunity of climate change action for UK businesses, this is why bringing together, climate, energy, business, and industrial strategy is so important. Indeed, the imperative to act on the low carbon economy will underpin our industrial strategy.' And what he is saying here is the whole future of the government's industrial strategy is focused around how we tackle climate change and how we help UK business to make the most of this opportunity. So for those of you who are worrying that the UK is no longer interested in climate change it is quite the reverse. That is really important for the future. So how does this impact on hydrogen? That is my second point.
Jon Saltmarsh
Dan Sadler gave us a great presentation on decarbonizing heat and heat is probably the toughest challenge that the UK is facing at the moment as far as meeting our 2050 carbon targets are concerned. The bottom line is that there are lots of technologies that can deliver low carbon heat. We've got electric heat pumps, so that's the electrification option. We've got district heating networks and in a lot of cases those are likely to be driven by electric heat pumps, and we've got decarbonizing the gas grid with hydrogen or biogas. And as far as the government is concerned we don't know what is the right solution. We need to do a lot more work to determine how we can do it cost effectively and how we can produce a solution that is socially acceptable for the whole of the UK.
Dan's [Sadler] view of the future as hydrogen may be absolutely right we just don't know at the moment. And one of our big concerns is the issues around hydrogen, the practicalities, the technical issues that we have the least certainty around. Physical experiments involving real equipment, durability tests, consumer acceptance trials. They're all needed, but at the end of the day, they all need to be backed up by understanding of the fundamental science that impacts on potential failures. And that is really where you come in, by providing that understanding. So that is the heat point. Now if we talk a little about transport, again Nigel Brandon talked really eloquently about this on Monday morning. Hydrogen electric vehicles offer distinct advantages over battery electric vehicles in certain applications. Particularly in the benefits of rapid refueling and longer range, and high energy density, for HGVs and heavier trucks and things like that. I've quoted my Secretary of State, so its probably only fair to quote Chris Grayling, who is the Secretary of State for Transport at the same time. In launching his plans to encourage the use of low emission vehicles, he said 'We are committed to making transport cleaner and giving even more drivers the option of using low emissions vehicles as we strive to improve air quality across the country.' And he went on to explain this wasn't just about battery electric vehicles it was about installing a hydrogen refueling infrastructure across the UK. Hydrogen vehicles are already a reality on British roads albeit in very, very small numbers but this is likely to change over time. As it stands at the moment hydrogen vehicles are massively expensive, and the challenge of safe storage of high pressure hydrogen hasn't really been solved yet. We need new cheaper materials and we need to understand the failure modes to make that possible and again that is where you can really come in. So in summary, low carbon solutions are core to the government's future direction and hydrogen could have a huge role to play in this future, but there are still too many unknowns that we've got to answer and it is really down to researchers like you to provide the underpinning science to plug these gaps and accelerate the uptake to a low carbon economy.
Yun Deng
Thank you everyone. So about the future directions, and, sorry, I have to move back to hydrogen embrittlement. Actually it's very difficult for me to see the hydrogen embrittlement in the future as a big picture but maybe I can share with the audience a few interesting points I would like to continue investigating when I finish my PhD in one or two years. The first point which comes to my mind is how to locally measure the hydrogen content in a piece of material. This really interests me a lot when I see clearly the hydrogen embrittlement effect from our microcantilever experiments. We can actually observe the hydrogen enhanced nucleation, hydrogen enhanced crack propagation without knowing the exact amount of hydrogen that is sitting there to cause these effects. So I think this is a very interesting topic for the future. The second is whether hydrogen will enhance dislocation mobility or will pin the dislocations; this has been proposed yesterday during the discussion session, and from our experimental results we actually observe something which fits quite well with the hydrogen pinning dislocations, and the future task might be to design more critical experimental methods to analyze this point.
The third one is that we are going to analyse the joint effect with hydrogen and other interstitial elements such as carbon and boron, which is a similar point to what Tilmann [Hickel] proposed. From our experimental observations, the joint effect is quite different from the pure hydrogen effect. This is something we would like to analyze further.
The last point, and perhaps the most achievable one is to continue developing our knowledge and work to do more case studies such as introducing more dislocations, also different vacancies, different grain boundaries, different kind of phase boundary. To see the contribution of these different kinds of defects to the hydrogen embrittlement. Afterwards we can build up maybe by doing simulation and give more understanding about hydrogen embrittlement mechanisms. Of course we cannot do all the tests but I think a few examples can really give us a lot of ideas for exploring the hydrogen embrittlement mechanism. So these above points are my personal Christmas or New Year's wish list. Thankyou very much.
Open discussion
Adrian Sutton
This is really for you Jon. Suppose we were in an ideal world and all these technical problems that have been the subject of this meeting were solved. I still think that there is a really fundamental issue that government would be facing considering the social acceptability of different solutions. solution for heat everybody would have to rip out their radiators. And you can imagine that the public are not going to accept that. So at some point there has got to be some public engagement with these issues and I'm just wondering who's going to do that?
Jon Saltmarsh
A lot of people are going to do that. The starting point is there has been a lot of public engagement over the last 5 or 10 years. Taking the public on a journey about climate change. If you go back 10-15 years people didn't actually accept that climate change was happening; there was a huge debate about that and that engagement has been driven not just by the government, but by the press, by pressure groups, and it has gradually built up a ground swell of opinion. Now it's much easier for people to accept that something has got to be done, but generally people don't like that something to involve them changing the way they do things. So you're absolutely right it's going to be a huge challenge asking people to switch to any new form of heating. Gas central heating has been a very well optimized technology that works really well in the British climate with British homes. The fact that 22 and a half million people are using that is probably testament to the fact it works. Telling people that they need to change the way they operate is going to be a huge problem. What needs to be done is convincing people that this is the right way to travel, and if people are finding heat pumps and a switch to hydrogen are a better and more cost effective way of doing things perhaps that's the way to get people to move down that route. It stands at the moment as a very difficult sell. It's a long journey. Again, 2050 is the blink of an eye as Dan [Sadler] pointed out on Monday. It's going to be a challenge to move people that far and that fast. The reason I think hydrogen is so interesting is it allows people to continue using gas for heating and cooking. So in terms of impact on the consumer having people coming in and saying 'Right we have to change your appliances today but then you can go on using them in much the same way as you've done before' is probably an easier sell.
Mary Ryan
So the public understanding of risk is notoriously low. I wonder if there is any understanding or there have been any surveys about the public memory of the dangers of hydrogen and the way people think about hydrogen explosions and the safe storage of hydrogen. Does anyone know what the public feeling and the public generally now think about the dangers of hydrogen.
Jon Saltmarsh I mean, certainly when you see in the papers about this, the first thing people talk about is the Hindenberg and then hydrogen bombs neither of which are particularly related to hydrogen, but that doesn't matter at all. There have been relatively few studies that have been done on public attitudes to risk and they suggest that the public was much more understanding than perhaps we give them credit for. instance do quasi-elastic scattering to look at hydrogen and deuterium diffusion, you can do inelastic incoherent scattering to look at the modes of hydrogen vibration, and if oxygen is there and you have a strong interaction between hydrogen and oxygen you have changes in the local modes of hydrogen vibration and then you can do small angle neutron scattering to look how the hydrides form in situ by going up and down in temperature. So there are lots of things you can do with these two metals, also you have high concentrations of hydrogen and deuterium, in these two materials, whereas in steel, concentrations are too low.
Tony Paxton
It's the low solubility that's the remarkable part. Tiny parts per million quantities of hydrogen can cause extraordinary damage.
Reiner Kirchheim
You might look at carbides in steel and then charge them with hydrogen if it goes to the interface there should also be changes in small angle neutron scattering.
David Dye
I was going to engage with the policy part of this discussion. The hydrogen explosion which most immediately comes to mind for me if I think of famous incidents is Fukushima just as a side point. But the main thing in terms of heating in the UK that worries me. Is that reducing energy usage by building methods is actually extremely easy. The Social Renters Act was done very well with retrofitting and internal wall installation and has achieved dramatic improvements. But we are nowhere on the privately owned or privately rented sector. That's because people don't want to spend the money because it's a lot cheaper just to continue heating your house really inefficiently and you're going to sell it again in a couple years anyway is the presumption. So we don't have the economic structure or incentives to help people invest in their own building and I don't know how we fix them. So that's not a science problem it's a policy problem.
Tony Paxton
But from what I gathered from Dan's [Sadler] talk people aren't going to be given a choice. Once part of the city will be converted to hydrogen everybody has to convert. You won't be asked. So in a way there has to be some small amount of coercion involved.
Jon Saltmarsh
Certainly, if you go down that route you have got to have a level of compulsion exactly as when we went down that route in the 1960s and 70s. Absolutely that needs to happen. Just going back to David's first point, about how do we actually encourage people to be more energy efficient. Yes there have been dramatic gains but those gains are 10-15% so there is still another 70% that has to be found some other way. And you're absolutely right that we haven't found a way to engage private owners We've had the green deal, we've had a number of other policy initiatives in the past, all of which have not been as successful as was hoped for. And people would generally rather go on holiday than spend their money on a large renovation project. That being said there are examples that are very cost ineffective where we have moved to almost 90-95% penetration. The obvious one is double glazing. It was never particularly incentivized by government, isn't actually cost effective in terms of saving energy, but just about everyone has double glazing. So it can be done. It's just about finding different incentives. That was never about saving energy that was much more about keeping up with your next door neighbours because they got double glazing so you need to have it as well. So that is part of the trick here, to find ways that aren't necessarily about coercion to convince people to make the changes. 
Mary Ryan
It's quite interesting if you look at cooling rather than heating. So cooling in the UK takes 15% of the energy in refrigeration and less so air conditioning. If you look at the refrigeration market it's much less capital investment for a house and it's a much higher frequency of changeover but any new device that is brought that is significantly more energy efficient within 12 months is the market leader. So there is a public desire in this space to use the most energy efficient device. And there is a lot of data from that market that show the public will go, even it is more expensive, for the most energy efficient device.
Eunan McEniry
It's kind of a related point, you actually touched on this Jon, might this be something when we talk about coercion that might be best driven by commercial desires, seeing as the gas networks, are to some extent, privatized so that it wouldn't necessarily be the big bad government telling people what to do but effectively commercial providers forcing people to use, whether its hydrogen in the homes, or hydrogen fuel cells in their cars, to be the main driver of this rather than the government or government programs trying to coerce people?
Jon Saltmarsh I don't like the idea of describing it as coercion however you put it. I would much prefer to see conversation with the country at large that established a general acceptance that we need to move to green gas. And that is a much nicer situation than, 'Sorry you've got to use hydrogen.' So it requires all parties to get involved. It will be very difficult for the energy companies to start down the route of saying we're going to transfer people on to a new gas, without government saying yes that's the right thing to do and making the regulatory changes, but equally it's not going to happen if the energy companies don't get behind it. So it's everyone pulling in the same direction and that needs to be the direction that the public at large want to go.
Salim Brahimi
I'll bring the topic back to hydrogen embrittlement just to finish it off. This has been an excellent conference in the sense that it has taken some time to face us with the more fundamental questions. I've been to lots of these and this is the first time we're not taking the gospel for granted. I wonder whether a challenge to the Royal Society would be to organize something like this in the future but where our objective is to put up a number of questions based on hypotheses, and just like Mary [Ryan] indicated, then to invite the attendants, attendees, to do hypothesis driven experiments to answer those questions and come back in a year or two years or three years, and see how far they've gotten in answering those questions. When I look around the room there's a wide range of experience, there's a wide range of expertise, there's a wide range of experimental capabilities which no one lab, no one group, has in its possession, and it almost seems like we keep doing this and we're not facing the fundamental questions head on. Let's ask some fundamental questions and leave it up to each group to decide what they have in their capabilities to try and answer some of these questions, come back and see what we come up with. Thoughts?
Mary Ryan I already said that, so I agree with you. I think we should be actively doing that. It might be that the organizers will go back and think about a mechanism to facilitate that as a follow on from this meeting.
Tony Paxton
We'll do that.
